ABSTRACT Orthogonal frequency division multiplexing (OFDM) is a superior technology for the high-speed data rate of wire-line and wireless communication systems. The OFDM has many advantages over other techniques such as its high capacity and immunity against multipath fading channels. However, one of the main drawbacks of the OFDM system is the high-peak-to-average power ratio (PAPR) that leads the system to produce in-band distortion and out-of-band radiation because of the non-linearity of the high-power amplifiers. Therefore, numerous techniques have been proposed to overcome the PAPR problem such as selective mapping, partial transmit sequence (PTS), clipping, and nonlinear companding. In this paper, the PTS technique was analytically reviewed as one of the important methods to reduce the high PAPR problem. The PAPR performance and the computational complexity level are discussed in terms of modifying the PTS technique in the frequency domain, time domain and modulation stage (inverse fast Fourier transform block). Moreover, the numerical statistic comparison of the current modified-PTS methods is introduced, and the criteria for selecting the suitable modified-PTS method in the OFDM system are also given. The simulation and the numerical calculations results show that the rows exchange-interleaving PTS scheme is the best method for reducing the PAPR value with low complexly in the frequency domain, and the cooperative PTS method is the best among the modulation stage methods, while the cyclic shift sequence PTS method achieves the superior performance in PAPR reduction and computational complexity for the time domain methods.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) is regarded as a superior technique for the high-speed data rate of wire-line and wireless communication systems. The OFDM system has many advantages over other techniques such as its high data transmission rate, immunity against frequency selective fading and impulse interference, and tolerance to multipath delay spread. Moreover, the OFDM system exhibits high spectral power efficiency, smooth equalization, and flexibility for hardware implementation with utilizing the Fast Fourier Transform (FFT) technique [1] - [6] .
The associate editor coordinating the review of this manuscript and approving it for publication was Pallab K. Choudhury. radio access network (BRAN), European telecommunication standards Institute (ETSI) [1] , digital video broadcasting (DVB), digital audio broadcasting (DAB) [20] , digital television broadcasting (DTVB) [21] , [22] , Long Term Evaluation (LTE) standard for 4G mobile communication networks [23] , digital subscriber line (DSL) interneta access, and asynchronous digital subscriber line (ADSL) [24] - [26] . Quite recently, considerable attention has been paid to optimal OFDM releases as the reliable candidates in next generation (5G) communication frameworks such as Filtered-OFDM (F-OFDM), universal filter-OFDM (U-OFDM), Filter Bank Multicarrier (FBMC), and Generalized Frequency Division Multiplying [27] .
Although OFDM has many distinctive features, the high peak-to-average power ratio (PAPR) is considered as the main drawback which causes the OFDM system suffer from in-band distortion (IB) and out-of-band radiation (OOB) [28] . This can be attributed to the non-linearity nature of the highpower amplifier (HPA) in the transmitter. Also, the high PAPR value increases the complexity when using some devices such as analog to digital converter (ADC) and digital to analog converter (DAC). Hence, the OFDM system requires HPA with large input back-off power (IBO), and long word length to follow the high PAPR value [29] .
The relative solution for the high PAPR problem is to find a suitable technique which can combat the PAPR value before transmitting the signal, instead of the conventional solution which uses an expensive amplifier with a large linear region. Many techniques have been proposed to reduce the PAPR value and they can be classified into two categories, the first category consists of signal distortion techniques such as clipping [30] , clipping and filtering [31] , [32] , peak windowing [33] , active constellation extension (ACE) [34] , non-linear companding transforming [35] - [37] , and trellis assisted constellation subset selection (TACSS) [38] . The second category includes of signal scrambling techniques such as selective mapping (SLM) [39] - [41] , partial transmit sequence (PTS) [42] , [43] , block coding [44] , interleaving technique [45] , tone reservation (TR) [46] , [47] , and tone injection [48] .
In the literature, several papers discussed the high PAPR problem in the OFDM systems such as Han and Lee [1] introduced the important PAPR techniques and the criteria for selecting the best PAPR reduction technique. Moreover, Wang and Tellambura [49] reviewed several PAPR reduction techniques and concluded that the cost of using the PAPR reduction techniques is lower than the cost of power efficiency degradation. Likewise, Jiang and Wu [20] discussed the characteristic of the OFDM signals, and they placed eight points as the criteria for selecting the PAPR reduction method. In 2009, Lim et al. [4] reviewed some ordinary PAPR reduction methods and their adjustments; they concluded that none of the PAPR reduction methods could be considered as the standard for communication applications. However, some of the modified PAPR reduction methods with low complexity could be used to the high-speed data rate in OFDM systems. In recent years, studying the PAPR reduction techniques have become very popular. Taspinar et al. [50] and [51] proposed a PTS based on an artificial bee colony (ABC) algorithm scheme in order to reduce the computational complexity of the PTS technique without bit error rate (BER) degradation depending on the foraging behavior of a honeybee swarm. In 2015, Taspinar and Yildirim [52] returned again and introduced the Parallel Artificial Bee Colony (P-ABC) Algorithm to reduce the mathematical complexity performance of his previous method. Other solutions for reducing the computational complexity were described in [53] - [55] so that the authors improved the computational complexity with a bit degradation in PAPR performance by applying Parallel Tabu Search (Parallel TS) algorithm, Backtracking Search Algorithm (BSA), and Genetic Algorithm (GA), respectively. Recently, several authors have proposed new methods to enhance the PTS technique, for example, Joo et al. [56] proposed a PTS method without side information (SI) by applying phase offset to the rotation vectors, while Tokur et al. [57] developed the PAPR reduction performance with low computational complexity using differential evolution algorithm-based PTS scheme in lifting-based wavelet packet modulation (LBWPM) system. However, our previous research [58] and [59] have documented new subblock partitioning schemes for the PTS technique, where the new partitioning schemes enhanced the PAPR reduction performance better than that of the ordinary partitioning schemes without any extra cost on the system. In this paper, the PTS method as one of the distinguished PAPR reduction techniques is discussed. The ordinary PTS method and the various modified-PTS schemes are reviewed in three aspects: frequency-domain (F.D), modulation-stage (IFFT unit), and time-domain (T.D). Furthermore, the ordinary and the new subblock partitioning schemes of PTS techniques are introduced and discussed in terms of PAPR reduction performance and computational complexity compared with the other modified-PTS methods, while the criteria for selecting the suitable modified-PTS method in the OFDM systems are addressed. Finally, there is a trade-off between the PAPR reduction performance and the computational complexity in the PTS technique, while the simulation results and the numerical calculations of the various modified-PTS methods appear the rows exchange-interleaving PTS method, the cooperative PTS method, and the cyclic shift sequence PTS method are the best methods in the frequency domain, the modulation stage, and the time domain, respectively. This paper is organized as follows. Section II describes the OFDM system and PAPR. Section III analyzes the PTS technique. Section IV introduces the current modified-PTS methods. The numerical analysis for the modified-PTS methods is discussed in Section V. Lastly, the study conclusions are given in Section VI.
II. OFDM SYSTEM
The OFDM sequence is generated by summing all N modulated subcarriers when applying IFFT operation, with the consideration that; the subcarriers are allowed to be orthogonally one another. To understand the concept of OFDM, let X = {X k , k = 0, 1, . . . . . . , N − 1} is the complex representation of the input data block symbols after constellation mapping operation, where X k represents the block data of kth subcarrier, and N is the number of subcarriers. Therefore, the complex baseband OFDM signal is defined as [60] 
where e j2π ft is the twiddle factor of the kth subcarrier, T represents the total time of symbol, f is the frequency space between subcarriers, and j = √ −1. The bandwidth of the symbol is B = N . f , and f is set as 1/T to ensure the orthogonally between the subcarriers of the symbol. Therefore, the baseband OFDM signal can be written as
The baseband OFDM signal is sampled by applying Nyquist rate (t = T /N ). Therefore, the discrete OFDM signal in the time-domain can be expressed as,
where n represents the discrete sampling index, whereas the discrete OFDM signal vector is written as
A. PAPR
The PAPR of OFDM signal is the ratio of the maximum peak power divided by the average power of the signal, which can be written as [61] 
where E {.} denotes the mean value. The continuous time of the OFDM signal can be obtained when applying the oversample operation. Hence, this operation ensures to catch some peaks of the signal that do not appear in the PAPR calculation. Sampling the discrete baseband signal with L ≥ 4 is sufficient to increase the accuracy of the PAPR calculations, and this operation is done by inserting (L-1)N zero-padding between the samples, where L is the oversampling factor [62] . Therefore, the oversampled OFDM signal is written as
and then,
B. PAPR DISTRIBUTION
The complementary cumulative distribution function (CCDF) is one of the popular methods to measure the PAPR performance. The CCDF of the PAPR performance is the probability of the PAPR value that exceeds a certain threshold [63] . Based on central limit theorem [20] , for a large number of subcarriers N , the real and imaginary parts of the OFDM signal in the time-domain follow the Gaussian distribution random variable with the mean and variance equal to zero and 0.5, respectively. Moreover, the amplitude of the signal |x(n)| uses Rayleigh distribution, whereas the power distribution of the signals become a central chi-square with two degrees of freedom. The CCDF of the time-domain signal with the sampling Nyquist rate is calculated as
where the PAPR 0 is the threshold value. Furthermore, when oversampling L is conducted, the CCDF of the OFDM signal can be written as
As a result, the CCDF of the OFDM signal is quite accurate when the number of subcarriers N is large enough (N ≥ 128) [62] .
C. PAPR REDUCTION TECHNIQUES
In the literature, many PAPR reduction approaches have been suggested to control the PAPR problem, and it can be classified into two categories, the distortion techniques, and the distortionless techniques [20] . The former reduces the PAPR by destroying the high peak of the OFDM signal in the time-domain before passing the signal to the HPA, while the latter improves the signal characteristics in the frequency domain or time domain in order to mitigate PAPR before the transmission. Each one of the PAPR reduction techniques has PAPR reduction performance (PAPR-per), computational complexity level (CCL), BER performance (BER-per), power increasing (P-inc), and data rate losses (DRL) differ to another.
In signal distortion techniques, the PAPR value is significantly reduced at the expense of in-band distortion and out-of-band radiation [64] . Hence, the OFDM system will suffer from undesirable degradation in BER performance and frequency spectrum. The signal distortion techniques include signal clipping [65] , clipping and filtering [32] , peak windowing [20] , peak cancellation [49] , and companding transformations [66] , [78] . On the other hand, distortionless techniques which also called signal scrambling techniques consist of three groups: the first one is named coding techniques [44] , which are depended on encoding the data block bits in the transmitter and then applying error correction technique to combat the large PAPR of the OFDM signal. These approaches include some types of codes such as linear block coding, Golay codes, and Read-Mullar codes. The second group of distortionless techniques is called the multiple signal VOLUME 7, 2019 representation (MSR) techniques [67] . These techniques consider the probabilistic methods and they depend on producing several representations of the OFDM sequence, where the sequence that has the lowest PAPR is chosen for transmission. The advantage of these approaches is to maintain the BER performance without degradation. The MSR techniques include selected mapping [39] , interleaving technique [45] , and partial transmit sequences [42] . The last group of the signal scrambling techniques contains the constellation shaping schemes [1] ; these methods depend on re-shaping of constellation points to re-orientation the energy of data symbol and then reducing the peak power of the transmitted signal. The constellation shaping techniques include tone reservation (TR) [1] , active constellation extension (ACE) [33] , tone injection (TI) [48] , and constellation reshaping (CR) [4] . Table 1 In addition, the hybrid combination algorithms between PTS and the other PAPR reduction techniques have been suggested. the PTS technique and the interleaving technique is combined in [68] . Furthermore, the PTS technique has been integrated with the ACE technique in parallel [16] . Sravanti and Vasantha [69] combined Precoding technique and PTS technique to improve the PAPR reduction performance. On the other hand, the PTS technique also combined with distortion techniques, such as PTS-Clipping algorithm in [70] , and PTS-companding algorithm in [71] . Also, the DFT-spread technique [72] , the Discrete Hartley Transform (DHT)-spread technique [73] and single carrier frequency division multiplexing (SC-FDM) technique [74] , [75] are utilized with OFDM for reducing the PAPR value effectively in an intensity modulation and direct detection (IM/DD) optical systems. Furthermore, the DFT-spread with PTS has been introduced for further PAPR reduction in the OFDM system [76] , as well as, the Discrete cosine transform (DCT)-spread is combined with the PTS technique for reducing the PAPR value without requiring side information [77] , [78] .
III. PARTIAL TRANSMIT SEQUENCE (PTS)
The PTS is one of the multiple signal representation techniques, which divides the data block into several groups, which are scrambled to choose the transmission signal.
The concept of the PTS technique is to partition the input data symbols into the disjoint subsets and these subsets are rotated with different rotation factors. After that, the modified partitioned subsets are combined again to generate set of the candidate signals named partial transmit sequences (pts s ). Finally, one of candidate sequence which has the minimum PAPR value is chosen for transmission [61] . In the PTS technique, the number of the inverse fast Fourier transform (IFFT) blocks is the same as the number of subsets. The PTS technique can achieve better PAPR reduction performance than the other probabilistic techniques such as selective mapping (SLM) and interleaving techniques [1] . However, the PTS technique holds a high computational complexity when finding the optimum rotation factor and needs to send side information (SI) as index information in order to recover the original data at the receiver side [42] .
On the other hand, PTS is regarded as a distortionless method because it relies on the scrambling signal technique to reduce the PAPR value. Hence, PTS considers a probabilistic method to reduce the PAPR of the OFDM signal. Therefore, the PTS method does not suffer from the bit error rate (BER) degradation or the power signal distortion. In literature, many papers have been proposed to modify the PTS technique, especially in terms of reducing the computational complexity and improving the PAPR reduction performance. In this paper, three aspects have been adopted to evaluate the existing modified PTS techniques, which are the frequency-domain methods, the time-domains methods, and the modulationstage methods. Furthermore, the computational complexity and the PAPR reduction performance are considered as a criterion to evaluate and classify the modified PTS methods.
A. THE CONVENTIONAL PTS METHOD (C-PTS)
The main principal of the conventional PTS method is to partition the input data block into the disjoint subblocks. Each subblock is then passed to the IFFT block to transform the data from the frequency to the time domain. The phase weighting factors are employed to minimize the PAPR value, such that, the subblocks are multiplied by the phase factor vectors and combined to generate a set of the candidate signals. The candidate signal which has the minimum PAPR value is selected for transmission. The index of the optimum phase factor which achieves the minimum PAPR value must be transmitted as side information to the receiver to recover the original data. Figure 1 illustrates the C-PTS block diagram, where the input data block X is partitioned into nonoverlapping subblocks Xv, which can be expressed as
where V is the number of subblocks, and the subscript v = {1, 2, . . . , V }. In the C-PTS scheme, the subblocks must be equaled in size, and the data is usually partitioned by one of the segmentation methods, such as interleaving, adjacent, and pseudo- random schemes. Moreover, each subblock is multiplied by the unity amplitude complex phase factor. The elements of the phase factors are usually constant to avoid the complex multiplication operations thus the phase factor is restricted to {±1} or {±1, ±j} [79] . Therefore, the phase factor vector can be written as
where b can be obtained by
where b v denotes to phase rotation factor, and W is the number of the allowed phase factors. Also, the linear property of the inverse discrete Fourier transform (IDFT) is employed to transform the phase factors into the time-domain. Thus, the time-domain signal of the OFDM after combining the subblocks is given by
The objective is to find the optimum phase factor that can achieve minimum PAPR value of the OFDM signal. Therefore, the optimum phase factor can be obtained as
where arg min denotes to the minimum value that can be obtained after applying the phase rotation factors. In addition, two parameters should be considered when using the PTS technique, the computational complexity and the side information, where W V −1 should be searched for finding the optimum phase factor; with the consideration that the first element of the phase factors b 1 is set 1 without any loss of performance [80] . Furthermore, it is equally important to note that the side information bits = log 2 W V −1 and the index information of these bits should be sent to the receiver in order to recover the original data. The PTS technique has high computational complexity and some of the spectrum efficiency is relatively wasted (bit rate loss) because of the side information occupies a part of the bandwidth, where the phase rotation factors indexes should send to the receiver to inform it about the optimum phase rotation factor that used in transmitter. Therefore, a part of the carrier spectrum is wasted. There are some methods have been suggested in [81] - [83] to embed the side information bits with the transmitted OFDM signal in order to save the spectrum efficiency. Moreover, the coding techniques also can be used with the PTS technique for reducing the spectrum efficiency wasted [84] - [86] . Furthermore, the precoding methods like Discrete Fourier Transform (DFT) Precoder, Discrete Hartley Transform (DHT) Precoder and WalshHadamard Transform (WHT) Precoder are merited with PTS to improve the PAPR performance without side information, but these techniques increase the transmission power and require more complexity at the receiver for decoding operations [69] , [87] .
B. SUBBLOCKS PARTITIONING SCHEMES IN PTS
The three common types of segmentation schemes in the C-PTS method are the pseudo-random, adjacent, and interleaving partitioning schemes, as shown in Figure 2 . In the PR-PTS, the subcarriers are assigned randomly in the subblocks, and AP-PTS allocates N /V successive subcarriers within one subblock, sequentially. However, the IL-PTS allocates the subcarriers with a certain distance interval, depending on the number of V , within one subblock [88] . Among the three types of segmentation methods, the PR-PTS scheme achieves the best PAPR reduction performance, and the next best is the adjacent method. However, both schemes have high computational complexities, as shown in Figure 3 . The interleaving method fulfills the worst PAPR reduction performance, among the partitioning schemes, but it has the lowest computational complexity compared with the other schemes [89] . 
C. COMPUTATIONAL COMPLEXITY ANALYSIS
The computational complexity of the C-PTS method in transmitter consists of three parts as the following subsequences:
1) IFFT COMPUTATIONAL COMPLEXITY
This part depends on the type of the partitioning subblock schemes. The three common types of the partitioning subblocks are the adjacent partitioning (AP-PTS), the pseudo-random partitioning (PR-PTS), and the interleaving partitioning (IL-PTS). The computational complexity of the AP-PTS and PR-PTS record the same amount, because these methods need to perform all the stages of the IFFT unit to transform the samples to the time-domain. Therefore, the computational complexity of the AP-PTS and PR-PTS methods when applying the Cooley-Tukey IFFT algorithm can be determined as [89] 
and,
where C add represents the number of the addition operations, and Cmult is the number of the multiplication operations. On the other hand, when using the Cooley-Tukey IFFT algorithm to the IL-PTS method, the computational complexity is lower than the other ordinary schemes, because the PTS scheme needs a few stages to convert the samples to the timedomain. Accordingly, the number of the addition and multiplication operations of the IL-PTS method can be calculated as [89] 
2) FINDING OPTIMUM PHASE FACTOR COMPUTATIONAL COMPLEXITY
This complexity increases exponentially with the number of the subblocks. The number of the addition and multiplication operations for finding the optimum phase factor can be calculated as [90] 
3) CANDIDATES COMPUTATIONAL COMPLEXITY
This computational complexity is because of the comparison among the candidate signals to choose the best OFDM signal with lowest PAPR value. The computational complexity of the comparison process of the candidate signals (C comp ) can be given as [6] Table. 2 illustrates the summary of the computational complexity level in the PR-PTS, AP-PTS, and IL-PTS schemes when the number of the subcarriers N is 64, 256, and 1024 with various numbers of the V and W . It is clear that the IL-PTS scheme has lower computational complexity than the PR-PTS, Ad-PTS schemes in the frequency domain because the IL-PTS scheme needs a smaller number of the IFFT stages to transform its subcarriers. While the conventional subblocks partitioning schemes in the time domain have the same complexity (optimizing the phase factors complexity), which is depends on the V , W , and N .
IV. REVIEWING THE MODIFIED-PTS METHODS
This section reviews and analyzes the PAPR performance and the computational complexity level of the various modified-PTS methods in the literature. These methods are classified into the three types: frequency-domain methods, time-domain methods, and modulation stage methods.
A. THE MODIFIED-PTS METHODS IN THE FREQUENCY-DOMAIN
Several methods have been introduced to improve the PAPR reduction performance and/or the computational complexity level in the frequency-domain. The important modified PTS schemes that deal with the frequency-domain part are discussed in the following subsequent subsections.
1) PSEUDO-RANDOM AND INTERLEAVING SEGMENTATION SCHEME
The pseudo-random and interleaving segmentation PTS method (PR-IL-PTS) [91] is proposed to enhance the PAPR reduction performance better than IL-PTS with low computational complexity. In the PR-IL-PTS method, the V subblocks are divided into two equal parts, where the subblocks of the first part adopts the PR-PTS scheme, and the second part applies the IL-PTS scheme. After that, the modified subblocks are merged again, and the rest PTS procedure is applied to generate the OFDM signal.
The PR-IL-PTS scheme can improve the PAPR performance better than the AP-PTS and IL-PTS schemes. While, the modified scheme achieves PAPR reduction performance lower than that of PR-PTS. Furthermore, the advantage of the PR-IL-PTS method is that the computational complexity can be reduced to level which is lower than that of the PR-PTS method.
2) NEW SUBBLOCKS PARTITIONING SCHEMES
Based on our earlier work that was presented in [59] , the purpose of this paper is to enhance the PAPR reduction capacity higher than the ordinary schemes without additional computational complexity on the system. In [59] , we introduced new subblock partitioning schemes lead to improving the PAPR lessening performance and reducing the mathematical calculations. The first method is named the adjacent shifting PTS (AP-Sh-PTS) scheme, in which each row of the APmatrix is set to include only one group of the samples, and the other positions of the row are set to zero. Afterward, every group is divided into two equal parts, and thus the first part is fixed at its position and the second part is shifted by V -1. This fashion continues until the last row of the AP matrix. Finally, the new generated matrix represents the AP-Sh-PTS matrix, where each row refers to the subblock of the AP-Sh-PTS scheme.
On the other hand, the second method which was proposed in this reference is named the rows exchange-interleaving PTS (IL-Ex-PTS) scheme. In IL-Ex-PTS, the input sequence is segmented into V subblocks by using IL-scheme. Next, each row of the IL-matrix is subdivided into two equal parts, the first part contains only the odd groups, while the second part includes the even groups. After that, in each part, the groups are exchanged with each other to generate the new matrix represented the IL-Ex-PTS scheme.
The PAPR reduction performances of the AP-Sh-PTS and IL-Ex-PTS methods outperform both IL-PTS method and AP-PTS method, this due to that the proposed methods have less correlation among its subcarriers than the other two ordinary methods. On the other hand, the computational complexity of the AP-Sh-PTS scheme is similar to that of the AP-PTS method, while the computational complexity of the IL-Ex-PTS is lower than that of the AP-PTS scheme.
3) REAL AND IMAGINARY PARTS-PTS
The real and imaginary parts-PTS method (R&I-PTS) [92] is based on separation the real and imaginary parts of the baseband data sequence. After that, the generated candidate signals are optimized separately by the phase rotation factors. In Figure 5 , the data block X is divided into the real and imaginary part sequences X R and X I , respectively, and then each part partitions into V subblocks X R(v) and X I (v) . Next, the real and imaginary part subblocks are transformed into the time domain by the N-point IFFT to generate the time domain real and imaginary parts, x R(v) and x I (v) . Afterwards, the real part and imaginary part are accordingly multiplied by the real and imaginary phase factors parts, b R and b I , separately. Finally, the imaginary part sequences x q−I are multiplied with (j) and combined with the real part candidate sequences x p−R to generate the candidate signals x M . FIGURE 5. Block diagram of the R&I-PTS method [92] . VOLUME 7, 2019 The final candidate sequences can be written as
Combining the M candidates in the real and imaginary parts will generate the M 2 time domain candidate signals. Hence, the PAPR performance of the R&I-PTS method is better than the PAPR performance of the C-PTS method when the both approaches have the same value of V and W . However, the computational complexity of the R&I-PTS method is higher than the C-PTS method.
4) COMBINATION DUMMY SEQUENCE INSERTION WITH PTS
The combination dummy sequence insertion and PTS method (DSI-PTS) is based on inserting a dummy sequence with an input data sequence in the frequency domain and then combined with the C-PTS method [93] . The block diagram of the DSI-PTS technique is shown in Figure 6 . Firstly, the dummy sequence is generated and then added to the input data sequence. The new sequence vector S is given as
where
T is the input data sequence, and
T is the dummy sequence. The total number of the subcarriers for the new vector S is N = K + D, and D can be set any number less than K [94] . The new sequence generated is partitioned into V subblocks and applied IFFT for each subblock, and then the time domain partial transmits sequences are weighted with phase factors to produce the candidate signals. The PAPR value of each candidate is calculated and checked with predetermined threshold. If the PAPR value is lower than the threshold value, the OFDM signal is transmitted directly. Otherwise, insert new dummy sequence and repeat the operation again. In the same manner, Varahram et al. [95] , [96] used the insertion dummy random Gaussian method combined with the C-PTS method, where the PAPR reduction performance is the same as that of DSI-PTS. But the difference is that the Gaussian distribution is used instead of the dummy sequence.
The PAPR performance of the DSI-PTS method is better than that of the C-PTS method and is less complex because only half of IFFTs is needed to achieve the same PAPR value as C-PTS. However, the DSI-PTS leads to an increase in the BER of the system and leads to the reduction in the transmission efficiency.
5) DISCRETE FOURIER TRANSFORM SPREAD-PTS
In 2014, Fulia proposed a new scheme called combination discrete Fourier transform spread-PTS (DFT-S-PTS) to reduce the PAPR value [76] . The DFT-S-PTS method is stationed on the combination of the discrete Fourier transform with the C-PTS method as shown in Figure 7 . The DFT-spread is a linear process, and it can reduce the autocorrelation among the subcarriers by expanding the frequency domain signal [76] . Owing to the association of the PAPR values with the autocorrelation function, the PAPR value can be reduced by using the DFT-spread method [77] . The principle idea of the DFT-S-PTS is to partition the data block X into non-overlapping subblocks, and then the partitioned subblocks are applied to the bank of DFT-S to generate the transformed sequences. Finally, the IFFT bank are applied to the transformed sequences in order to reduce the PAPR value. The PAPR performance of the DFT-S-PTS is better than that of the C-PTS method because the active influencing of the DFT operations to reduce the autocorrelation between the subcarriers leads to the mitigation of PAPR value. On the other hand, the computational complexity of the DFT-S-PTS is higher than that of the C-PTS method because of additional processing of the DFT bank. However, the DFT-S-PTS can achieve a lower computational complexity than the C-PTS method, when the PAPR values of both approaches are equated. In this case, the DFT-S-PTS method requires only the half numbers of the IFFT operations to achieve the same PAPR performance as that of the C-PTS method.
6) DISCRETE COSINE TRANSFORM SPREAD-PTS
The discrete cosine transforms spread-PTS technique (DCT-S-PTS) [78] was proposed based on applying the discrete cosine transform spread to the PTS techniques in the frequency domain. This method reduces the PAPR value in the OFDM system, where the DCT unit works to reduce the autocorrelation among the subcarriers on each subblock in the frequency-domain and this leads to reducing the PAPR value [77] . The data sequence X is passed to the DCT block, which extend the input data sequence so that the autocorrelation among the subcarriers is reduced. Finally, the PTS technique is implemented for decreasing the PAPR value, as shown in Figure 8 .
The PAPR value of the DCTS-PTS method is better than that of the C-PTC, because the DCT function influences to the subcarrier's correlations in the frequency domain. However, the computational complexity of the DCT-S-PTS is higher than that of the C-PTS because an additional complexity is imposed using the DCT function. On the other hand, the computational complexity of the DCT-S-PTS can be reduced to be lower than that of the C-PTS method, if the PAPR performance of both techniques is equated.
7) COMBINING ADJACENT AND INTERLEAVING PARTITIONING SCHEMES
In the combining adjacent and interleaving partitioning PTS method (AP-IL-PTS) [97] , the adjacent segmentation scheme is combined with the interleaving segmentation scheme to reduce the PAPR value. In the AP-IL-PTS method, the data sequence is partitioned firstly according to the adjacent segmentation scheme into V subblocks. Next, each subblock is divided into equal sized groups, and then the interleaving technique is applied to the groups for each subblock with V equally spaced parts [90] . Finally, the new segmentation scheme is applied to the PTS technique.
The hybrid scheme AP-IL-PTS can reduce the PAPR value better than that of the AP-PTS and IL-PTS, but the shortcoming of the AP-IL-PTS approach is that it utilizes the AP-PTS scheme which has the PAPR reduction efficiency lower than PR-PTS with a computational complexity equal to that of the PR-PTS scheme. Moreover, the proposed method has computational complexity higher than that of the IL-PTS scheme. Hence, the AP-IL-PTS method has large computational complexity with slight enhancement of PAPR reduction compared with the PR-PTS scheme.
B. COMPARISON THE MODIFIED-PTS METHODS IN THE FREQUENCY-DOMAIN
The parameters of various PTS methods in this comparison are included in Table 3 .
The PAPR reduction performances of the various modified PTS methods are compared with the AP-PTS method. As can be seen from Figure 9 , the IL-Ex-PTS method outperforms the rest modified PTS methods because the IL-EX-PTS scheme can break down the correlation peak between the subcarriers better than the other methods, where IL-Ex-PTS depends on exchanging a certain group of subcarriers with each other. Moreover, the AP-Sh-PTS scheme is the second best because its subcarriers are shifted by (V -1) inside each subblock. The Ad-IL-PTS scheme is better PAPR than the PR-IL-PTS schemes because it has been purposed based on reshaping the subcarriers within the subblocks, while the PR-IL-PTS scheme has been suggested by combining the pseudo-random scheme with the interleaving scheme. Therefore, the correlations peak between the subcarriers inside the subblocks plays an essential role to reduce the PAPR value of the modified-PTS method in the frequency domain.
Also, another simulation is conducted among the rest modified PTS methods in the frequency-domain and the PR-PTS method, as shown in Figure 9 . The simulation indicates that the DSI-PTS method achieves the superior PAPR reduction gain compared with the other methods, with the consideration that the high PAPR performance of these methods at the expense of degradation in the computational complexity.
On the other hand, the computational complexity reduction ratio (CCRR) is adopted to measure the reduction ratio of the various modified PTS methods compared to C-PTS method, therefore, the CCRR can be defined as [98] CCRR = (1 − complexity of modified methods complexity of C-PTS method ) × 100% V and the number of different phase factors W , are 8 and 2, respectively. From the results in Table 4 , the DSI-PTS, DFT-S-PTS, and DCT-PTS methods are performed lower computational complexity than the other methods, when its PAPR reduction performances are similar to that of the PR-PTS scheme. The PAPR reduction performance of the DSI-PTS method is the best among the methods in Figure 10 because the added DSI sequence reduces the correlation among the subcarriers. This enhancement is at the expense of increasing the computational complexity level. In order to compare the computational complexity level of the DSI-PTS with the conventional PTS method (PR-PTS), the PAPR value of the DSI-PTS and PR-PTS methods has been assumed to be equal in both methods. Hence, the DSI-PTS method needs a smaller number of subblocks (V ) and IFFT units compared with PR-PTS. Therefore, the computational complexity of the DSI-PTS method is lower than the PR-PTS and the other methods in the frequency domain; with the consideration that the PAPR value of DSI-PTS and the other methods is equaled. In addition, the IL-Ex-PTS scheme improves both the computational complexity and PAPR reduction performance compared with AP-PTS scheme. However, the APSh-PTS scheme enhances the PAPR reduction capacity better than the AP-PTS scheme without increasing the complexity.
C. THE MODIFIED-PTS METHODS IN MODULATION-STAGE
Several techniques are enhanced to improve the PAPR performance and/or the computation complexity level in the modulation-stage (IFFT unit) of the PTS technique. The methods that deal with the modulation stage are presented in the following subsequent sections:
1) LIM-METHOD
Lim et al. [98] , [99] proposed a new method to reduce the computational complexity of the PTS technique. Unlike the C-PTS method, the Lim-PTS method has two stages of IFFT, as shown in Figure 11 . The IFFT block based on the decimation-in-time algorithm (DIT) is divided into two parts, the l and (n-l) stages. Firstly, the input data sequence is partially transformed by using the l stages of IFFT into an intermediate data sequence. After that, the intermediate data sequence is partitioned into subsequences and then fed to the remaining (n-l) stages of the IFFT. The transformed subblocks are multiplied by the rotation factor vectors in the time-domain to generate a set of the candidate signals. Finally, the candidate sequence that has the lowest PAPR value is selected for transmission. The PAPR reduction performance of Lim-PTS is the same as that of the C-PTS method [99] , when (n-l) = 5. Accordingly, the PAPR reduction performance is improved with increasing in the number of (n-l) stages. In case of the computational complexity, the Lim-PTS approach is better than that of the C-PTS method, because the common intermediate sequences of the V subsequences lead to reducing the number of IFFTs used. Therefore, Lim-PTS is suitable for a large number of subcarriers in the OFDM system.
2) SUB-OPTIMUM PTS METHOD
The sub-optimum PTS (Sub-OPTS) method [100] was proposed to reduce the computational complexity, and to improve the PAPR performance compared with the C-PTS technique. The Sub-OPTS method is a combination of the alternate optimization PTS (A-OPTS) method, and the linear property of inverse discrete Fourier transform (IDFT). The A-OPTS [101] can achieve low computational complexity compared with the C-PTS method, but the cost is significant degradation of the PAPR performance. This degradation of the PAPR value can be attributed to that the phase weighting factors are only performed for the half of subblocks, where the odd subblock numbers are kept unchanged, and the even sub-block numbers are optimized using the phase factors. In the Sub-OPTS method, the conjugate property of the IDFT is employed for all the odd subblocks (except the first one) to provide more candidate signals, as shown in Figure 12 . The Sub-OPTS method improves the PAPR reduction performance because the candidate signals are increased. Furthermore, the computational complexity of the Sub-OPTS method is lower than that of the C-PTS scheme, because the Sub-OPTS method no needs of using the complex multiplication operations, as long as the conjugate operation is performed for the odd subblocks, and the phase rotation factors operation is only performed for the even subblocks
3) COOPERATIVE PTS METHOD
The cooperative PTS technique (CO-PTS) [102] was introduced to reduce the computation complexity, and to improve PAPR reduction performance compared with the C-PTS method. The CO-PTS method is a combination of A-OPTS [101] and the special subblocks circular permutation method (SSCP). Figure 13 illustrates the CO-PTS method, in which the special subblocks circular permutation method is employed for the odd subblocks (except the first one) and all the weighted even subblocks are exploited once more to increase the number of the candidate signals. The PAPR reduction performance of the CO-PTS method outperforms the C-PTS method because the number of the candidate signals is increased using the SSCP operation. Moreover, the computational complexity of the CO-PTS method is also reduced because the number of complex multiplication operations is less than that of the conventional method.
D. COMPARISON OF THE MODIFIED-PTS METHODS IN MODULATION STAGE
The parameters of this comparison are illustrated in Table 5 . It is evident that the Sub-OPTS and CO-PTS methods achieve slightly improvement regarding the PAPR reduction performance, while Lim's method is slightly degraded the PAPR performance compared with PR-PTS. In addition, Table 6 shows the PAPR performance and the CCRR of the modified PTS methods in the modulation stage. Both the Sub-OPTS and CO-PTS methods can achieve CCRR + and CCRR × by 50% and 93% compared with the PR-PTS method, whereas, LIM-PTS achieves CCRR + and CCRR × about 12.5% and 25%. Moreover, the PAPR reduction performance of Sub-OPTS and CO-PTS is better than Lim-PTS method [82] - [84] . The CO-PTS method depends on special subblocks circular permutation (SSCP) to produce an additional number of the candidate signals, where increasing the number of the candidate signals in the time domain leads to enhancing the PAPR reduction performance. On the other hand, the computational complexity of the CO-PTS methods is less than the Lim-PTS method. This can be attributed that the CO-PTS method no requires using the complex multiplication operations when weighing the subblocks that produced by SSCP, where the additional candidate signals need only the complex addition operations between the even weighted subblocks and the subblocks that produced by SSCP. Therefore, the number of the complex multiplications is reduced significantly compared with the LIM-PTS and conventional PTS methods.
E. THE MODIFIED-PTS METHODS IN THE TIME DOMAIN
Many of methods have been proposed to deal with the PTS technique in the time domain part, most of them focused on treating the high computational complexity of the PTS technique. Given that many communication applications need low computational complexity, the PAPR reduction methods should be without imposing a heavy burden on the system [49] . The important methods which deal with PTS technique in the time domain are given in the following subsequent sections
1) ITERATIVE FLIPPING PTS ALGORITHM
In 1999, Cimini and Sollenberger [103] proposed Iterative Flipping PTS (I-PTS) method to reduce the computational complexity of optimizing partial transmit sequences in the PTS scheme. I-PTS can achieve a computational complexity level lower than that of the C-PTS at the expense of degradation in the PAPR reduction performance. Cimini's method is conducted with the condition that the number of the possible phase factor is W = {1, −1}. The algorithm starts after dividing the input data sequence into V subblocks and then assuming the initial phase rotation factor vector b v = 1 for all v to compute the initial PAPR value, where v = {1, 2, . . . , V }. Next, the first phase factor b 1 = 1 is inverted and the PAPR value is recomputed and compared with the initial PAPR value, if the new PAPR is lower than the initial PAPR value, retain b 1 = −1 and set it as part of the final phase factor. Otherwise, b 1 = 1, which is the previous value. The algorithm continues in this fashion iteratively until the end of all b v elements. Accordingly, the I-PTS algorithm considered as a simple implementation for finding the optimum phase rotation factor in the PTS technique. See Figure 15 . In addition, Gao in 2009 proposed a cyclic iteration PTS (C-I-PTS) [104] , in which the optimum phase factor that is obtained by applying Cimini's method is set to the initial phase factor for the next iteration. After U times of repetition, the optimum phase factor with minimum PAPR value is obtained.
The PAPR reduction performance of the I-PTS and C-I-PTS is lower than that of the C-PTS because the optimum phase factor of the I-PTS and C-I-PTS may not be exactly the best phase factor which achieves the minimum PAPR value. Nevertheless, the computational complexities of the I-PTS and C-I-PTS are much lower than that of the C-PTS method, especially for a large number of subblocks.
2) ITERATIVE FLIPPING-PTS WITH THRESHOLD
The iterative flipping with threshold method (I-TH-PTS) [105] , [106] was introduced to depress the computational complexity for finding the optimum weighting factor. As mentioned in the previous section, the I-PTS method [103] increases the PAPR value, but the computational complexity is degraded. In contrast, the threshold-PTS method that has been proposed in [106] works to terminate the weighting factors optimization as soon as the PAPR value of OFDM signal falls below the threshold value. The procedure of the I-TH-PTS method is based on setting the number of the processing levels equal to the number of the phase factor vector bits. In each level, the optimum bit of the phase rotation factors which leads the PAPR value to be lower than that of the previous state must be fixed at the next levels processing. Afterwards, each PAPR value is compared with the threshold value. Hence, if the PAPR value is lower than the threshold value, the weighting factors optimization is terminated, as shown in Figure 16 . This fashion continues until the last level; with the consideration that the optimum bit of the weighting factors is fixed at the current level, so it is not considered in the next level processing. In the I-TH-PTS algorithm, there are two methods that can stop the optimization, the same PAPR condition and the threshold condition.
Likewise, improving I-TH-PTS (IM-I-TH-PTS) method [107] is proposed by changing the search tactics of the flipping operation. The flipping operation changes two or more bits of the weighting factor in each processing level. Similarly, Zhu et al. [108] proposed the extended iterative flipping PTS (E-I-PTS) method to reduce the mathematical complexity of the PTS technique. The idea of the E-I-PTS method is to partition the subblocks sequences in the time domain into several groups, and the pts s in each group are optimized by using the I-PTS method. Hence, combining the groups and selecting the optimum phase factor will achieve the minimum PAPR value.
The PAPR reduction performance of the I-TH-PTS, IM-I-TH-PTS, and E-I-PTS is slightly lower than that of C-PTS method, but they achieve PAPR reduction performance better than the I-PTS method because the number of the candidate signals is increased. In contrast, the computational complexity level of the iterative flipping methods is that I-PTS < IM-I-TH-PTS < E-I-PTS < I-TH-PTS < C-PTS.
3) PHASE ADJUSTMENT PTS ALGORITHM
A phase adjustment PTS method (PH-A-PTS) [109] is proposed to improve the PAPR reduction performance and to reduce the computational complexity of the PTS technique. This method is stationed on rotating the phases of each subblock with an arbitrary angle through a predetermined number of iterations. The principal idea of the PH-A-PTS method depends on updating the phase factor for the data subblocks at each iteration operation with a predetermined phase increment, and then a set of the candidate signals is generated.
The PAPR reduction performance of the PH-A-PTS method is almost the same as that of the C-PTS method and depends on the total number of the iterations K , where the large number of iterations leads to better PAPR reduction performance and vice versa. However, the computational complexity of the PH-A-PTS method is lower than that of the C-PTS method, because the number of iterations is almost lower than that of C-PTS.
4) CODING-PHASE FACTORS ALGORITHMS
Several algorithms have been proposed to reduce the high computational complexity level for finding the optimum phase rotation factors in the PTS technique. The m-sequence PTS (m-S-PTS) method [110] was proposed to reduce the computational complexity and to control the PAPR performance of the PTS technique. This method is stationed on mapping an m-sequence code to produce the phase factor vectors in a certain rule. The m-sequence code with length M digits can produce (2 M −1 ) binary strings by summing the first two digits in modulo-2 manner to produce the last digit, and then immediately applying the feedback shift to the left in order to produce the next string, as shown in Figure 14 .
In the m-S-PTS method, the mapping operation is accomplished by adding any two rows of m-sequence based on the rule (1 + 1 = 1, 0 + 0 = −1, 1 + 0 = j, 0 + 1 = −j), and then the output vectors can be used as the phase factors in the PTS method.
In addition, Hu et al. [111] proposed a new algorithm in order to reduce the computational complexity of the PTS technique. The algorithm starts when choosing a stochastic integer number (P), the range of this number is P ∈ [0, 2 V ], where V is the number of subblocks. For each iteration, the algorithm changes the number P into binary digits depending on the number of subblocks V . After that, each binary digit is mapped into an angle (i.e. ''0'' is mapped to ''0'' and ''1'' is mapped to π). Accordingly, the vectors which are generated by mapping operations can be used as the phase factor vectors to rotate the pts combinations in the time-domain. Moreover, the algorithm is repeated Q times, where Q W V −1 , therefore; the computational complexity for finding the optimum phase factor is reduced. The P-PTS method can achieve low computational complexity depending on the number of iterations, Q. However, the PAPR performance of the P-PTS algorithm will be degraded.
In the same side, another approach is presented to reduce the computational complexity of the PTS scheme by employing Gray code nature to produce the phase rotation factors, so this method is named Gray code PTS (G-PTS) algorithm [112] . The key point of the G-PTS algorithm is to make use of a Gray code nature and the inherent relationship between the phase factor sequences; with the consideration that the weighting factors are constrained to {1, −1}. In the G-PTS algorithm, the nature of the Gray code is that the adjacent code strings differ by only one-bit position. Therefore, the code strings can be mapped into the phase factor vectors, and then the relationship between the vectors can be exploited to generate the next candidate sequence from the previous one.
The PAPR reduction performance of the G-PTS method can achieve almost the same as that of C-PTS, whereas the PAPR reduction performance of the P-PTS method is lower than that of the C-PTS method. In addition, the PAPR reduction performance of the m-S-PTS method outperforms the C-PTS method, because the scope for choosing the phase rotation factors is increased thus the candidate signals will be more independent and this leads to improve the PAPR performance. On the other hand, the computational complexities of the three coding phase factor types are lower than that of the C-PTS method, due to the process for finding the optimum phase factor is less than that of the C-PTS method.
5) THE DIFFERENT PHASE FACTOR ALGORITHM
A new phase factor PTS method (α-PTS) method [113] is proposed to determine the best weighting factor of the PTS method. The α-PTS method outperforms the C-PTS method in the computational complexity. The principle idea of the α-PTS is to partition the input data block into several subblocks similar to the ordinary PTS technique, and then each subblock is divided into two parts in the time domain, as shown in Figure 15 .
The first and second parts are weighted by different phase factors, therefore; the OFDM signal can be expressed as (25) where the phase factor of the first part is b 2 = e 0 = 1. This scenario means that the second part of the subblock is the same as the original data without multiplying by the phase factors. As a result, the α-PTS method can realize a good PAPR reduction performance with inferior computational complexity compared with the C-PTS method because the variation of the phases and the number of the phase factor vectors is reduced.
In the same manner, Boonsrimuang [114] used the phase coefficient Ø (v) 2 = 0.5Ø (v) 1 to enhance the PAPR reduction performance, so it is named the different phase PTS (D-PTS) method. The PAPR performance of the D-PTS method outperforms the C-PTS method. However, the computational complexity of the D-PTS method is the same as that of the C-PTS method because the same number of phase factors is used.
6) THE GROUPING AND RECURSIVE PHASE WEIGHTING FACTORS ALGORITHMS
The low computational complexity methods were proposed by Wang and Liu [115] , these schemes including the grouping phase weighting PTS (GPW-PTS) method and the recursive phase weighting PTS (RPW-PTS) method. The proposed methods can realize the PAPR reduction performance similar to that of the C-PTS method. However, the computation complexities of the proposed methods are lower than that of the C-PTS method. In the GPW-PTS method, the subblocks are split into several groups, and then each group produces its sub-candidate sequences by using the same set of phase factors. The total candidate sequences are generated by applying the complex addition operations among the sub-candidate sequences for different groups. The number of the candidate sequences of the GPW-PTS and C-PTS methods is equaled, so that the PAPR performance for both methods is identical. However, the computational complexity of the GPW-PTS method is lower than that of the C-PTS method, because the elements number of the phase factors in the groups of the GPW-PTS method is lower than that of the C-PTS method.
Likewise, the RPW-PTS method was proposed to reduce the computational complexity of the C-PTS technique. The RPW-PTS method exploited the relationship between the phase factors by using two conditions [116] . The first condition is that the number of different weighting factors W should be an even number. The second condition is that the set of allowed phase weighting is limited to {e j2πr W |r = 0, 1, 2, . . . . . . , W − 1}. The RPW-PTS method exploits the relationship among the weighting factors to generate the candidate sequences with low computational complexity.
As a result, the PAPR reduction performance of the GPW-PTS and RPW-PTS methods is the same that of the C-PTS method, due to the fact that the number of the candidate sequences of the modified methods and C-PTS method are same. Nevertheless, the computational complexity is decreased significantly.
7) THE CYCLIC SHIFT SEQUENCE PTS METHOD
The cyclic shift sequence-PTS (CSS-PTS) method [117] is one of the affective PAPR reduction methods, and it can improve the PAPR performance without using the phase rotation factors. The CSS-PTS method can generate the candidate sequences by cyclically shifting each subblock sequence in the time domain, as shown in Figure 19 . As mentioned, the C-PTS method needs an exhaustive search for finding the optimum phase rotation factor, whereas the CSS-PTS method generates the candidate sequences without using multiplication operations by applying shifting samples operation for each subblock. The cyclic shift operation does not obliterate the orthogonal relationships among the data sequences because the cyclical shifting in the time domain is equivalent to multiplying corresponding linear phase vectors in the frequency domain [118] .
The PAPR reduction performance of the CSS-PTS method is better than that of C-PTS method because the number of the candidate sequences for the CSS-PTS method is more than that of the C-PTS method. Furthermore, the computational complexity of the CSS-PTS method is lower than the C-PTS method, because the CSS-PTS method no needs multiplication operations when producing the candidate sequences.
F. COMPARISON OF THE MODIFIED-PTS METHODS IN THE TIME DOMAIN
The parameters of various PTS methods in the time domain are illustrated in Table 7 . The modified-PTS methods in the time-domain are simulated and compared with the PR-PTS method, when N = 256, V = 8, and W = 2, see Figure 20 . The results show that the modified-PTS methods have difference performance regarding the PAPR reduction. It has been found that the CSS-PTS method is the best in terms of the PAPR reduction performance, while the I-PTS was the worse among the modified PTS methods. Also, Figure 21 illustrates the PAPR reduction capacity of the traditional PTS methods depending on the parameters above. On the other hand, Table 8 illustrates the PAPR reduction performance and the CCRR gain of the modified PTS methods in the time-domain compared with the C-PTS method. In this table, the numbers of the subblocks V and the subcarriers N are 8 and 256, respectively. It is clear that the CSS-PTS method outperforms the C-PTS method for both the PAPR reduction performance and the computational complexity. Moreover, the GPW-PTS method can achieve better CCRR × than the C-PTS method by 92.96%; with the consideration that the PAPR reduction performance is the same for both. The PAPR reduction performance of the GPW-PTS method is the same as that of the C-PTS method because the candidate signals for both methods are equaled. On the other hand, the computational complexity of the GPW-PTS method is lower than the C-PTS method. This can be attributed that the GPW-PTS method splits the subblocks into several groups and each group produce sub-candidates by applying the same set of the phase weighting factors; with the consideration that the elements of the phase weighting sequence in each group has fewer elements, thereby the lower computational complexity can be needed for generating one candidate sequence. The total candidate sequences are generated by applying the complex addition operations among the sub-candidate sequences for different groups. Therefore, the complex multiplication operations in GPW-PTS can be reduced significantly compared with the C-PTS method. Furthermore, the m-PTS and G-PTS methods can realize a high CCRR × gain without reducing in the PAPR performance by 87.5% and 88.2%, respectively. Moreover, the I-PTS and IM-I-TH-PTS methods can increase the CCRR × gain by 93.75% and 92.18%, respectively, but this advantage at the expense of degradation in the PAPR reduction performance. Also, the rest modified PTS methods in Table 8 lead to increase the CCRR × gain with various performance in PAPR reduction.
V. DISCUSSION
The modified PTS methods are reviewed in three aspects depending on the original PTS structure: the frequency domain part, modulation stage (IFFT-unit), and time-domain part. Moreover, the modified PTS methods are discussed in terms of PAPR reduction performance and computational complexity. Table 4 shows the comparison among the modified PTS methods in the frequency-domain based on the ability of the PAPR reduction and the computational complexity compared with the traditional PTS technique. There is a trade-off between the PAPR reduction performance and the computational complexity of the different modified PTS algorithms so that the best PAPR reduction performance can be achieved at the expense of increasing in the computational complexity and vice versa. Therefore, the modified PTS methods have different values of the computational complexity depending on the method that is utilized to improve the PAPR reduction performance. In Table 4 , the modified PTS methods were calculated based on setting the number of subblocks V = 8, the number of subcarriers N and the number of different phase factors W is 256 and 2, respectively. It is clear that the DSI-PTS method could achieve CCRR + and CCRR × better than the other methods at 94.16% and 95.27%, respectively. Moreover, the DFT-S-PTS method and the DCT-PTS method could fulfill the high percentages of the CCRR + and CCRR × by 93 % and 94%, respectively. However, the PAPR reduction performance of these modified PTS methods is similar to the C-PTS method. Moreover, the IL-Ex-PTS scheme achieved PAPR reduction performance better than the AP-PTS scheme with a good computational complexity reduction level. Therefore, the modified PTS algorithms in the frequency-domain improve the PAPR reduction capacity with a significant reduction in the computational complexity.
Besides, the modified PTS methods in this study that deal with the modulation stage of the PTS scheme are LIM-PTS method, Sub-OPTS method, and the CO-PTS method. The Sub-OPTS and CO-PTS could achieve a high percentage of the CCRR + and CCRR × by 50% and 93.05%, respectively. However, LIM-PTS method achieved CCRR + and CCRR × by 12.5% and 25%, respectively, as shown in Table 6 . On the other hand, the PAPR reduction performances of the Sub-OPTS and C-PTS, and LIM-PTS methods were almost the same values of the C-PTS method. Accordingly, modified PTS methods in the modulation stage of the PTS technique could reduce the computational complexity of the system with a slight degradation of the PAPR reduction performance.
On the other hand, the computational complexity of the modified PTS methods in the time domain is restricted by searching the optimum phase factor. The CSS-PTS method recorded the superiority regarding the PAPR reduction performance, and the computational complexity compared with the other modified PTS methods, in which its CCRR × was 97.22%. Moreover, the GPW-PTS method achieved a high percentage of the CCRR × by 92.96%; with the consideration that the PAPR reduction performance is similar to the C-PTS method, as shown in Table 8 . However, some modified PTS methods such as I-PTS and C-I-PTS achieved low computational complexity with degradation in the PAPR reduction performance. In addition, the m-PTS and α-PTS methods improved the PAPR reduction performance better than that of the traditional method with low computational complexity. Therefore, the modified PTS methods in the time-domain could reduce the computational complexity significantly, but the PAPR reduction performances of them were varied between low and high depending on the method used.
A. THE CRITERIA FOR CHOOSING THE SUITABLE MODIFIED-PTS METHOD
In brief, the following factors should be considered when choosing the convenient modified PTS method
• The capability of PAPR reduction is the first factor that should be taken into account when selecting the modified PTS method with considering the influence of the other factors.
• The computational complexity is also an essential factor in choosing the modified PTS method because the low computational complexity makes the modified PTS method more acceptable.
• The Side information bits (SI) is used to inform the receiver side about what the transmitter did. If the side information obtained at the receiver's end contains some errors, then some or entire data may be lost. Therefore, SI should be protected by using some techniques such as channel coding. Moreover, the loss in data rate should be considered because the PTS method usually suffers from the loss in data rate because the side information uses some of the bandwidth. Hence, the loss in data rate caused by the side information should be kept to a minimum.
• The bit error rate (BER) is infrequent in the PTS methods because the PTS method is a probabilistic technique. However, the BER performance is degraded, when the side information is received with an error. In general, the PTS method of the OFDM system depends on the requirements of the communication system such as the type of application, cost, complexity, weight, quality, and data transmission rate. For instance, the high-speed data rate system demands a low computational complexity, whereas the high-quality system needs an excellent PAPR reduction performance. Hence, there is a trade-off between the PAPR reduction performance and the computational complexity in the PTS technique. Therefore, the points above should be taken into consideration when the PTS technique is used as a PAPR reduction method for OFDM.
B. USING PTS WITH THE OTHER MULTICARRIER SYSTEMS
The PTS technique is considered as one of the efficient methods for solving the PAPR problem of the OFDM system, thereby it can be employed in other multicarrier systems. The orthogonal frequency division multiple access (OFDMA) and multiple input multiple output OFDM (MIMO-OFDM) are based on the OFDM system in its operation. Hence, these systems suffer from high PAPR value [119] . Therefore, the PTS technique can be implemented in the OFDMA and MIMO-OFDM systems to combat the high PAPR value.
The OFDMA system is used in the high-speed data rate wireless communication system such as 4G-LTE because of its advantages, especially in the downlink. In addition, the MIMO-OFDM system can be used to improve the capacity of the wireless communication system, but it also suffers from the high PAPR value [60] . Therefore, the PTS technique can be employed to reduce the PAPR value of this system [59] . As the MIMO-OFDM system has an extra degree of freedom provided by MIMO, the PTS method can be exploited to decrease the high PAPR value with low computational complexity by selecting the optimum phase factor that achieves the lowest PAPR value on all antennas [120] .
Recently, several types of research are stationed on the OFDM concept to produce the new waveform design of the next generation (5G). The new systems such as OFDM-offset quadrature amplitude modulation (OFDM-OQAM) [121] , generalized frequency division multiplexing (GFDM) [122] , filter bank multi-carrier (FBMC) [123] , universal filtered multi-carrier (UFMC) [124] , and filtered-OFDM (F-OFDM) [125] are introduced to overcome the shortcomings, which are faced the OFDM system in 5G. Although the new systems should be designed to meet the requirements of the 5G applications such as asynchronous transmission and high spectral efficiency, the high PAPR problem is still the challenge that should be considered when designing the waveform in 5G. Therefore, the PTS technique can be used to enhance the PAPR reduction performance in the 5G waveform candidates.
VI. CONCLUSION
The high PAPR is regarded as a major drawback for transmitting signals in OFDM systems and the waveform design candidates in the next generation because of the non-linearity of equipment in transmitter. In this paper, we introduced an analytical review of the ordinary PTS technique and its modifications in three aspects, which are the frequency-domain, modulation stage, and time-domain. More than 26 modified PTS methods have been analyzed in terms of their ability to enhance the PAPR reduction performance and the computational complexity level. Based on the analytical results, the DSI-PTS method performs a lower computational complexity compared with the other frequency domain methods, whereas the CO-PTS method can reduce the computational complexity of the system better than the rest of the modulation-stage methods. Besides, the GPW-PTS method achieves low computational complexity without increasing the PAPR value in the time domain methods. On the other hand, the IL-Ex-PTS method improves the PAPR reduction performance better than that the frequency domain methods with the consideration that its computational complexity is reduced significantly. However, the CSS-PTS method is still the preeminent technique for the PAPR reduction performance with a significant reduction in the computational complexity. Moreover, the criteria for choosing the suitable modified-PTS method is summarized based on influencing parameters on the PTS technique. Accordingly, there is a trade-off between the PAPR reduction performance and the computational complexity in the PTS method; therefore, the requirements of the communication systems should be considered when choosing the modified PTS method.
